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The carbon flux between the atmosphere and the biosphere resulting from the physiological processes of photosynthesis and autotrophic respiration is approximately 180 billion metric tons per year (Griffin et al., 2001).  Any increase in atmospheric CO2 concentration has the potential to influence this carbon flux to disturb the link between inorganic carbon in the atmosphere with organic carbon in the biosphere (Griffin et al., 2001).  Furthermore, any change in the physiological processes regulating atmosphere/biosphere carbon exchange could have profound effects on terrestrial ecosystems.  Disturbances of this link can alter the structure and functioning of terrestrial ecosystems in ways that may further affect climate (McGuire et al., 2001).
	Rapid increases in atmospheric CO2 concentration have been attributed to human activity and urbanization (Hamilton et al., 2008, McGuire et al., 2001) and undoubtedly affect the terrestrial biosphere (Griffin et al., 2001).  Urban areas account for approximately 90% of anthropogenic CO2 globally, while occupying only approximately 2-3% of Earth’s total surface (Trusilova & Churkina, 2008).  Since 1850, 488 billion metric tons of carbon have been released into the atmosphere from human activity (Canadell et al., 2007), including fossil fuel, cement, and land use change (e.g. wood harvest and deforestation) (Hsueh D, 2008).  Furthermore the potential carbon sink on urban areas is shrinking as urban populations grow at a much faster rate than the Earth’s total population (Trusilova & Churkina, 2008).  
The expansion of urban areas introduces significant land surface modifications.  Vegetated land is replaced by land covered with dry impervious materials, such as buildings, roads and parking lots (Trusilova & Churkina, 2008).  Impervious building material used in urban areas have myriad effects impacting microclimatic variables such as temperature, humidity, and near-surface winds and as a result alter the energy and moisture exchange between surface and atmosphere in urban areas (Trusilova & Churkina, 2008).  In general, high energy consumption coupled with decreased transpiration in urban areas leads to warmer, drier urban conditions (Trusilova & Churkina, 2008) while fossil fuel emissions increase atmospheric CO2 and can cause further temperature increases (Jin et al., 2005).
	Temperature increases in urban areas are commonly found to be higher than those of outlying rural areas, particularly at night (Jin et al., 2005).  This elevation of temperatures has been referred to as the “urban heat island” effect (Jin et al., 2005).  In the last century alone, global mean temperatures have already risen by 0.74 °C, currently continuing to increase at approximately 0.1 °C per decade (IPCC, 2007).  Global mean surface air temperatures will rise by 1.5 - 4.5 °C by the mid-21st century due to increased atmospheric concentrations of CO2 and other trace gases (Taub et al., 2000).  Urban area mean surface temperatures rose by 0.6 °C from 1900 to 2000 with projections to increase another 1.4 to over 5 °C by 2100 (Houghton et al., 2001; IPCC, 2007).  Naturally, increased surface air temperatures will follow with more intense, more frequent, and longer heat waves in the future and these effects will have further ecological impacts on all species (Hamilton et al., 2008; Song et al., 2010).
High temperature is a common stress for plants and can restrict growth, productivity and protein efficiency (Taub et al., 2000).  Heat stress in plants is caused in part by negative effects on photosynthesis (Hamilton et al., 2008).  Both the light (electron transport) and dark (Calvin cycle) reactions of photosynthesis have thermolabile components, especially photosystem II (PSII) in the light reactions (Hamilton et al., 2008).  Temperatures >45 °C damage PSII while moderate heat stress (e.g. 35-42 °C) increases PSI cyclic electron flow and thylakoid proton conductance and result in reduced photosynthetic rates.  The effect on PSII is only partial inhibition and it is reversible (Song et al., 2010).  Plants may possess regulatory systems that protect damage to PSII from moderately high temperatures, such as down-regulation of PSII and thermal dissipation (Kato et al., 2003; Kornyeyev et al., 2004).  The fate of absorbed light energy is important for studying the response of PSII to environmental factors such as heat stress (Kornyeyev & Hendrikson, 2007).
	Light energy utilized in photosynthesis by higher plants is collected first by an antenna pigment system and transferred to photosynthetic reaction centers where photons of light are converted to chemical energy by chlorophylls in an elaborate protein environment.  Electron transfer takes place in the reaction center when a chlorophyll molecule transfers an electron to a neighboring pigment molecule.  Pigments and proteins involved in this primary electron transfer define the reaction centers which are of two types known as photosystem I (PSI) and photosystem II (PSII), both of which are located in the thylakoid membrane of a chloroplast in higher plants.  All plants that produce oxygen have both types of reaction centers.  Factors such as light quantity and quality, water availability, nutrient availability, heat, cold, herbicides, pesticides, carbon assimilation, light pollution, heavy metals, disease, and genetic make-up all have an impact on CO2 assimilation and plant health; they are also all reflected in the easily measured PSII fluorescence signal (Pessarakli, 2005). 
The effects of high temperatures on general plant performance and PSII fluorescence specifically are expected to be interactive with other globally changing environmental variables such as CO2.  Furthermore increases in atmospheric CO2 are also associated with rising global temperatures.  Increases in atmospheric CO2 alone can increase photosynthesis in C3 plants (Hamilton et al., 2008) but in combination with elevated temperature, the net effects on photosynthesis are less clear.  Elevated CO2 decreases photorespiration, the fixation of O2 rather than CO2 by Rubisco, while rising temperatures stimulate photorespiration (Hamilton et al., 2008).  The light reactions of photosynthesis are also affected and PSII efficiency is often decreased by high CO2 and heat stress, especially at high growth temperature (Hamilton et al., 2008).  Thus, while elevated CO2 might benefit C3 plant photosynthesis, interactions with heat stress are poorly understood (Hamilton et al., 2008).  Ultimately however, it can be said that the flux of carbon between the atmosphere and biosphere hinges on the efficiency of PSII.
The use of a chlorophyll fluorometer to quantify the impact of environmental factors on plants fosters a better understanding of plant functions.  The light energy absorbed initially by the antenna and transferred to the reaction centers can be dissipated by a number of different processes including photochemistry, photo-protective heat dissipation, other heat dissipation, or re-emittance as fluorescence, which accounts for approximately 3-9% of the light energy absorbed by chlorophyll pigments (Maxwell & Johnson, 2000).  The loss of light energy from the reaction center as fluorescence comes primarily from the PSII reaction.  When the chloroplast or leaves have been dark adapted, the pools of oxidation-reduction intermediates for the electron pathway return to an oxidized state.  Upon illumination of a dark-adapted leaf, there is a rapid rise in fluorescence emission from PSII followed by a decrease to steady state fluorescence as CO2 fixation starts to occur.  Changes in the intensity of the fluorescence emission are a sensitive reflection of changes in the photosynthetic apparatus.  Therefore, chlorophyll fluorescence may be considered to represent changes in the health and function of the photosynthetic process (Pessarakli, 2005)
	Chlorophyll fluorescence emission of plants can be a sensitive probe of plant photosynthetic performance (Maxwell & Johnson, 2000).   Various parameters of chlorophyll fluorescence kinetics, such as Fo, Fm, Fv, and Fv/Fm, are commonly used in quantifying photosynthetic activities.  The fluorescence level attained when all the PSII reaction centers are in the ‘open’ (dark adapted) state is termed Fo , while the fluorescence level obtained during the application of a saturating light pulse is termed Fm which is the level attained when maximal closure of PSII reaction centers is reached (Hsu, 2007).  The difference between Fm and Fo is defined as the variable fluorescence or Fv  and the ratio of Fv/Fm provides an estimate of the maximum quantum efficiency of PSII photochemistry (Butler, 1978).  It has been widely used to assess alterations in the photosynthetic systems induced by stress (e.g., Binder and Fielder, 1996, Taub et al, 2000).  A decrease in Fv/Fm ratio can be attributed to photodamage to the reaction centers of PSII and/or the development of slowly relaxing fluorescence quenching processes, which may signify the presence of long-term disturbances in plant physiology (Hsu, 2007).
Heat stress restricts plant growth and productivity and influences the distribution of species globally (Taub et al., 2000).  One of the primary results of heat stress is damage to photosynthetic electron transport through PSII (Taub et al., 2000). On the other hand, growth in elevated CO2 protects photosynthesis against high-temperature damage (Taub et al., 2000). Research indicated that Fv/Fm declines substantially at ambient CO2 (350 mol mol-1) in response to short-term, high-temperature events while remaining largely unaffected throughout the high-temperature treatments at elevated CO2 (Wang, 2008).  
Another important parameter to measure is the temperature critical or Tcrit point for PSII damage, where the PSII complex degrades at a measured temperature. It corresponds closely to the temperature at which the capacity for photosynthetic fixation, as measured by gas exchange, becomes unstable and declines with continued exposure to a constant temperature (Taub et al., 2000). The critical temperature tends to be higher in elevated CO2-grown plants than in ambient CO2-grown plants, which indicates a higher-temperature tolerance may be induced by increased CO2 (Taub et al, 2000).
Overall, the effects of high temperatures on plant performance are expected to be interactive with other globally changing environmental variables such as CO2.  However it is difficult to quantify the net effect of CO2 and temperature on photosynthesis.  First, the global temperature and CO2 concentration are correlated.  Increases in atmospheric CO2 may result in rising global temperatures.  Second, elevated temperature and CO2 generally have counteracting effect on plant photosynthesis.  Elevated CO2  decreases photorespiration, while rising temperatures stimulate photorespiration (Hamilton et al., 2008).
Thesis statement:
	In this study I explore the use of chlorophyll fluorescence parameters Fo , Fv , Fm and Fv/Fm to study the photosynthetic thermal tolerance (thermotolerance) of red oak growing along a rural to urban transect in New York state.  Quercus rubra L., commonly known as red oak, is a dominant North American native tree species.  It is commonly found along a natural diurnal temperature gradient from Central Park in New York, NY to the Ashokan Reservoir in Shokan, NY (Figure 1).  Average nighttime temperatures along this gradient are approximately 3°C warmer in the city as compared to Black Rock Forest while daytime temperatures do not differ significantly according to Thomas et al (2009).  While another study showed averaged temperatures at Black Rock Forest, Lamont-Doherty Earth Observatory and Central Park were 0.5, 1.2, and 6.7 C warmer than at Ashokan Reservoir, respectively, between May to August, 2009. Nighttime temperatures were as much as 12 C warmer in Central Park relative to Ashokan Reservoir (Searle, et al, 2011). Using chlorophyll florescence, I quantify the Tcrit value (the temperature at which the PSII complex protein degrades in response to heat stress) for individual Quercus rubra leaf samples collected from four sites on a rural to urban transect (Figure 1).





Four sites are the focus of this study:  Ashokan Reservoir in Shokan, NY (41.925 °N, 74.248 °W) in the Catskill Range as the most remote site, Black Rock Forest in Cornwall, NY (41.430 °N, 74.020 °W) as the rural site, the suburban site of Lamont-Doherty Earth Observatory in Palisades, NY (41.005 °N, 73.970 °W), and the urban site is East Central Park in New York City, NY (40.780 °N, 73970 °W) (Searle et al., 2011).
Quercus rubra leaf collection
	Six trees at each site were tagged with a unique ID.  Branches as close to the canopy as possible were collected at each site using a pruning saw with a 4.3 meter extension.  The samples were collected from June 11, 2009 to September 3, 2009 (Table 1).  On the day of sample collection for each site, a branch was collected from each tree, tagged with the tree number, freshly cut, and placed in a bucket of distilled water.  Prior to taking branches to the lab, the leaves on each branch were inspected to be free of disease or spot damage.
Table 1.  Leaf sample collection schedule 















Determination of thermotolerance of PSII efficiency
The leaf clip and attached fiber-optic probe of a Pulse Modulated Chlorophyll Fluorometer (FMS 2, Hansatech, Instruments Ltd. Norfolk, England) was inserted into a Black and Decker Toaster Oven.  The fiber optic and communications cable of the fluorometer were wrapped in aluminum foil to add insulation.  An entire distal leaf from the cut branch was removed and the petiole was immediately placed in a glass Petri dish containing distilled water.  The Petri dish and leaf were placed on the oven rack and the leaf was positioned into the flurometer leaf clip.
	The leaf clip houses a thermocouple that measures the surface temperature of the underside of the leaf.  Heat was manually applied at a rate of approximately of 1°C every 40 seconds by manually turning the temperature dial of the toaster oven slowly.  The FMS II was used to record all fluorescence parameters (Fv , Fm ,  Fo), and the ambient temperature of the leaf surface.
Data Analysis
	Statistical analyses were performed using R 2.4.0 (R Development Core Team). The computation of the LSRL (least squares regression line) and W LSRL (weighted least squares regression line or ISRL: iterative squares regression line) was done by creating a range of temperature values for each location which was defined as the cutoff and starting point for the two models (LSRL and W LSRL) respectively.  The R-program was then used to construct all possible models with all data in this range of temperatures and select the best-fit models that minimize the difference in predicted values between the two regression methods (i.e., LSRL and W LSRL).  The temperature cut off at this point was used to create the final models.  The final models were computed numerically and determined as to where they intersect, which is known as the break point (Tcrit).  The W-LSRL weighed outliers, thus the regression lines have better predictive values than those of the classic regression (LSRL).  The Tcrit function takes as input two temperature values, namely a minimum and maximum.  These values are selected using reasonable judgment as to where one potential IRLS begins and another ends. Several IRLS models were computed iteratively with the error of each model saved into a matrix.  After all potential models were computed, the beginning and end points that minimized the errors of the lower and higher temperature models were used to determine which IRLS lines were selected for the computation of Tcrit. The point of intersection of the two models is the Tcrit value.  Since the intersection of the models produced a single point, no variance could be computed for Tcrit at each location.  For validation purposes, a range of all potential temperature values was run with the result being exactly the same as the reasonable selection models. To visualize the data, boxplots that reveal the interquartile ranges of Tcrit for each site were constructed.  These Tcrit values are those determined by IRLS from the five measurement dates for each site.










Figure 2.  Graph of the LSRL and W-LSRL (IRLS) along with Tcrit values in °C (breakpoint) for Ashokan Reservoir, Ashokan, NY.  This figure shows the temperature at which the PSII complex protein degrades in response to heat stress at various sampling dates:  June 11 35.188 °C; June 30  36.23°C; July 22  36.109°C; Aug 9  36.500°C; and Sept 2  35.546°C


Figure 3.  Graph of the LSRL and W-LSRL (IRLS) along with Tcrit values in °C (breakpoint) for Black Rock Forest, Cornwall, NY. This figure shows the temperature at which the PSII complex protein degrades in response to heat stress at various sampling dates:  June 13 40.007°C; July 1	 40.615°C; July 22  39.496°C; Aug 9  39.337°C; and Sept 2  39.269°C

Figure 4.  Graph of the LSRL and W-LSRL (IRLS) along with Tcrit values in °C (breakpoint) for Lamont-Doherty Earth Observatory, Palisades, NY. This figure shows the temperature at which the PSII complex protein degrades in response to heat stress at various sampling dates:  June 16  40.306°C; July 7  40.439°C; July 23  40.623°C; Aug 10  36.786°C; and Sept 3  40.572°C

Figure 5.  Graph of the LSRL and W-LSRL (IRLS) along with Tcrit values in °C (breakpoint) for Central Park, New York, NY. This figure shows the temperature at which the PSII complex protein degrades in response to heat stress at various sampling dates:  June 12 38.455°C; July 2  39.413°C; July 23  38.251°C; Aug 10  38.979°C; Sept 3  38.201°C

Figure 6. Line plots representing the Fv / Fm values at a given Tcrit (color coded numbers) for the four field sites at various sampling dates from W-LSRL (IRLS)





Figure 8. The boxplots reveal the interquartile ranges of Fv / Fm values at a given Tcrit for each site.  These Tcrit values are those determined by IRLS from the five measurement dates for each site.
The results show that the Tcrit exhibited a pattern of greatest to least thermotolerance  to high temperature stress from Lamont-Doherty (40.5°C), followed by Black Rock Forest (40.0°C), Central Park (38.2°C),  and Ashokan Reservoir (35.6°C), suggesting an enhanced thermotolerance in suburban area while a decreased thermotolerance in urban area as compared to remote and rural area (Figure 8, Table 2). Notably, an outlier presented in remote site Ashokan Reservoir due to the small sample size (five Tcrit values) of measurements for each site.  
 In terms of the dark adapted Fv / Fm, the results indicate a greatest to least pattern at Central Park (0.77), followed by Ashokan (0.76), Lamont-Doherty (0.73), and Black Rock (0.68) (Table 2).

Table 2. LSRL and W-LSRL for all dates combined at each site:  Fv / Fm at Tcrit and Tcrit for all four sites with all data pooled along rural to urban transect.
Parameter	Model	Ashokan	Black Rock	Lamont-Doherty	Central Park





The results of the Wilcoxon Rank Sum test were summarized for Fv / Fm (Table 3) and  for Tcrit (Table 4).  A statistically significant difference in Fv / Fm was observed between the rural-remote sites (Ashokan-Black Rock) and suburban-urban sites (Lamont-Doherty-Central Park), while no significant difference in Fv / Fm was observed between the rural (Black Rock) and remote (Ashokan) sites or between the suburban (Lamont-Doherty) and urban sites (Central Park).  A significant difference was observed between Ashokan and Lamont-Doherty, between Ashokan and Central park, between Black Rock and Lamont-Doherty, and between Black Rock and Central park.  In terms of the Tcrit, a statistically significant difference was observed between the remote (Ashokan) and suburban (Lamont-Doherty) sites and between the rural (Black Rock) and suburban (Lamont-Doherty) sites. 







Bold indicates statistically significant differences (p0.05)














The main purpose of this study was to understand the effect of urbanization on the thermal tolerance of photosynthesis of Quercus rubra, red oak, growing along an urban to rural transect in New York State. Rural-urban transects are commonly used as natural gradients of temperature, and also as a “window into the future” of how plant ecology and physiology might respond to expected global change variables such as elevated temperatures, CO2, and inorganic nitrogen deposition (Searle, et al, 2011).  These field sites were studied by Searle, et al (2011) during the same sampling period and over the course of one growing season, May-September, 2009. Therefore, the temperature data from Searle, et al (2011) was referenced in the present study in order to understand the impact of elevated temperature on the thermal tolerance of photosynthesis of Quercus rubra.  The results from Searle, et al (2011) showed that temperature generally rose from May to late August and declined rapidly thereafter. Averaged temperatures at the rural, suburban and urban sites were 0.5, 1.2, and 6.7 C warmer than at the remote site, respectively. Nighttime temperatures were as much as 12 C warmer at the urban site relative to the remote site. Temperatures along the gradient were generally cooler by 2 C in 2009 than in 2005, 2006, or 2008 (Searle, et al, 2011). Besides temperature, elevated atmospheric levels of carbon dioxide were found to increase the capacity of PSII to tolerate high-temperature events (Faria et al, 1996, Taub et al, 2000). However, unlike other cities, CO2 concentrations in NYC are only about 15 ppm higher than global ambient concentrations (Hsueh 2009). This makes it possible to simplify an ecological study in New York by excluding CO2 as a variable and more explicitly investigate the effects of other environmental parameters (Searle, et al, 2011). Therefore, the present study focused on examining the impact of the temperature variations along this transect on the thermotolerance of PSII.
Results showed that the thermotolerance of PSII to high heat stress was greatest at the suburban site (Lamont-Doherty Earth Observatory). The thermal tolerance of Q. rubra was found to be the second highest at the rural site (Black Rock Forest), which was followed by the urban site (East Central Park) and the thermal tolerance of Q. rubra was found to be the lowest at the remote site (Ashokan Reservoir).  These results indicate that a moderate heat stress in the suburban area enhanced thermotolerance of PSII, while a stronger heat stress in the urban area caused a decrease in thermotolerance of PSII. Photosynthesis is particularly sensitive to heat stress. Although a moderate heat stress causes little or no damage to PSII and can stimulate dark reduction of plastoquinone and cyclic electron flow in the light (Sharkey, 2005), high temperature >45°C is known to damage PSII (Sharkey, 2005).  The slight warmer temperature in the rural and suburban sites than the remote site might enhance the thermotolerance of PSII, as indicated by a higher critical temperature at Lamont-Doherty and Black Rock site than Ashokan. However, as temperature continuously rose in urban site, it adversely affected the thermotolerance. A possible explanation is that moderate-high temperature stress causes a partial inhibition of PSII (Sun et al, 2007), which resulted in a lower critical temperature. As the pace of urbanization is dramatically accelerating (Pickett et al., 2001), the effect of high temperature on thermal tolerance of PSII could become more severe in the future. 








In conclusion, the present study demonstrated that the slight increase in temperature in rural and suburban area as compared to remote site resulted in an increase of thermotolerance of PSII, while a further increase in temperature in urban area as compared to remote site resulted in a decrease of thermotolerance of PSII. As the world is steadily becoming more urban, this adverse effect of high temperature on thermotolerance of PSII may become more severe in the future.  The effect of heat stress on the maximal PSII efficiency of light capture (Fv / Fm) is less evident, which indicated that Fv / Fm may response to a number of factors such as temperature, light, nutrients, and CO2 concentration than temperature alone. The results provide new insights into the effect of urbanization on photosynthesis. 
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